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This invention relates to light modulators and more 
particularly to apparatus for modulating the frequency 
of coherent light. WAVOSi: ne ae ae ae 

—Ontical frequency electromagnetic radiation produced 
by devices such as the optical maser disclosed in United 
States Patent 2,929,922 to Schawlow and Townes is char-. 
acterized by a high degree of monochromaticity and co- 
herence. An optical maser for gencrating a continuous 
coherent beam of monochromatic light is described in co- 
pending United States patent application of A. Javan, 
Serial No. 816,276, filed May 27, 1959, now abandoned, 
As is well known, a beam of light waves having these 
properties may be modulated im accordance with signal 
information and is, therefore, useful in communications 
systems, Because of the extremely high frequency asso- 
ciated with wave energy in the optical portion of the 
electroma .gnetic spectrum, a beam of such light is ce 
ble of carrying enormous amounts of information. Hoy 
ever, eflicient utilization of this great potential is gu 
pendent on the availability of means for modulating wave 
energy at very high frequencies. 

A number of methods of medulating the output of op- 
tical masers have been considered in the prior art. For 


example, the Schawlow.and Townes maser,. described in... 


the above-cited patent, may be frequency-modulated by 
varying the magnetic bias field acting on the maser me- 
dium, thereby varying the separation between energy 
levels and, consequenily, the frequency of the radiation 
associated with the electroa spin transitions. This tech- 
nique, however, characteristicatly involves the variation 
of rather large magnetic fields. As a result, although 


useful at lower frequencies, it is less advantageous at ihe * 


very high modulation frequencies required for most effi- 
cient utilization of the information carrying capability 
of the coherent light baam produced by opiical masers. 

It is an object of this invention, therefore, to modulate 
the frequency of coherent light waves in accordance with 
very high frequency signal information. 


YES G Hitther Object of this iavention to modulate the 


frequency of the coherent light beam. produced by an 
optical maser by means independent of the magnetic bias 
field of the maser. 

These and other objects of the invention are achieved 
in. one illustrative embcdiment comprising a ccherent 
light source and a transparent medium in which a hyper- 
sonic acoustic wave is produced. Advantageously, the 
acoustic wavelength is of the order of magnitude of the 
optical wavelength generated by the coherent light source, 
The coherent light beam is directed into the acoustically 
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excited transparent medium at an angle oblique to the 


acoustic wave front and is reftected by the longitudinal 


_ variations in the refractive index of the medium produced 
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by the acoustic wave. Such variations correspond to layers 
of alternately high and low density produced by the me- 
chanical energy of the acoustic wave. 

It has lone been known that a column of acoustic waves 
in a transparent medium acts on light waves in a manner 
‘analogous to a ccluma of layers of alternately high and 
low refractive index. Thus, Hight valves are known in 
which acoustic waves are excited in a transparent liquid 
and a beam of light is directed into the medium parallel 
to the acoustic wave fronts. In such devices a portion of 
the incident light is transmitted i in a straight Hine through 
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the medium, while another portion is diffracted at an 
angle to the acoustic wave. The relative amounts of the 
diffracted and undiffracted light depend on the intensily 
of the. acoustic excitation. By moduluting the acoustic 

wave and collecting one portion or the other, the inten- 
sity of the light beam is modulated. 

It is also known that when a light beam is obliquely 
incident on a column of acoustic waves a portion of it 
is scattered or reflected at an angle which depends on the 
wavelength of the light and acoustic waves in the medium 
as well as on the angle of incidence. The angle, io fact, 
is given by the familiar Bragg relation, and the amount 
of light of given wavelength which is reflected by the 
acoustically excited medium falls off rapidly as the angle 
of incidence is varied from Bragg angle. 

This invention is based upon the fact that the frequency 
of the light reflected by the accustic wave differs from 
that’ of the incident light by an amount which depends 
upon the frequency of the acoustic wave. 

It is a feature of this invention that the frequency of 
the reflected Hight rays is controlled by modulating the 
frequency of the acoustic ware. 

It is another deatite of the invention that the coherent 
light beam Sl ahs rays which are incident to the acous- 
tic wave front over an angular range, thereby achieving 
a wider mod “lution bandwidth than is achieved with a 
beatn of parailel rays. 

A further feature of the invention is an arrange ement 
for directing a beam of parallel co- 
herent light rays over a patch which passes repeatedly 
through the transparent medium at different incident 
anzles to the. acoustic wave front therein. In accordance . 
with this feature the modulation bandwidth is extended 

viule more efficient use is made of the power ccntained 
in the coherent light beam. 

The above-mentioned and other objects and features 
of the invention will be more readily understood from 
the following discussion, taken in conjunction with the 
accompanying drawings in which: 

FIG. 1 illustrates schematically a basic arrangement 
embodying the principles of the invention; 

FIG. 1A illustrates in diagrammatic form the inter- 


_action between coherent light rays and a stratified dielec- 


tric medium; 

FIG. 2 depicts schematically a variation of the em- 
bodiment shown in FIG. 1; 

FIG. 3 is a schematic representation of an embodiment 
adapted for wideband frequency modulation; 

FIG. 4 depicts a variation of the invention for dividing 
the light beam into frequency channels; and 

FIG. 5 shows another version of the invention adapted . 
to conserve the power of the incident light beam. 

In the illustrative embodiment shown in FIG. 1, input 
signal information is impressed on the output of an elec- 
tromagnetic oscillator 11 by a frequency modulator 12. 
The modulated output, which typically will have a fre- 
quency in the microwave range, is then applied to a co- 


axial cavity resonator 13 having a centér conductor 14. 


A piezoelectric red 17, of quartz or other suitable acoustic 
wave propagating material, extends into the cavity 13. 
Advantageously, the crystalline axes of the rod 17 are . 
oriented so that acoustic waves will travel down its jength. 
In the example shown the X-axis of the quartz rod 17 
coincides whh the longitudinal dimension thereof. The 
portion of the rod 17 extending into the cavity 13 is ter- 
minated by an optically flat face 16 which is normal to 
the X-axis of the crystal and abuts the center conductor 


t4 of the cavity resonator 13. The end of the rod 17 
removed from the cavity 13 is terminated by an acoustic 
absorber 18. 

Microwave oscillations in the cavity 13 gencrate in the 
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piezoclectric rod 17 a correspondina acoustic wave hav- 
ing a planar wave front which is propagated therealong 
and is dissipated in the absorber 18. The acoustic wave, 
of course, produces a sinusoidally varying density wave 
along the red 17. The refractive index aud the dielectric 
constant of the crystalline medium thus vary periddically 
in time and space in accordance with the density varia- 
tions, a-situation which corresponds to that which has 
been analyzed in wave-type parametric modulators. 
Thus, the acoustic medium may be considered as a dis- 
tributed reactance varying sinusoidally in time and, space, 
A detailed analysis of such a medium as a means of 
coupling two electvomagnetic propagating circuits js given 
in my article. “Parametric Amplification and Frequency 
Mixing in Propagating Circuits," Journal of Applied 
Physics, volume 29, pages 1347-1357 (1958), and con- 
sequently need not be repeated herein. ‘Reference may 


- be made to that article for a mathematical theory of the 


parametric interaction of light waves and acoustic waves 
in the present invention. : 

When a beam of coherent light 19 from the source 20 
is directed into ihe medium 47 at an angle to the acoustic 
wave fronts, it is reflected or scattered at the regions 
corresponding to the interfaces between the Jayers of 
high and low density. The effect is more easily under- 
stood by referring to FIG. LA in which there is depicted 
a coherent beam of electromagnetic radiation directed 
obliquely into a stationary stratified dislectric medium, 
the strata or layers of the medium being characterized 
by refractive indices , and ny. It will be assumed for 
purposes of discussion that the beam is polarized in a 
direction normal to the plane of incidence. The distance 
O-O”" which spans one dense and one rare layer corte- 


sponds to an acoustic wavelength in a quariz medium, 
_forexample. ‘the lines OA” and OB” represent the wave, 3: 


fronts of the incident and reflected light rays, respec- 
tively. Now the reflection coefiicient for a wave striking 
an interface from medium 1, to medium #2 is equal to 
that for a wave striking an interface from medium Tg to 
m, but the reflected waves are opposite in phase. Thus 


for in-phase addition of the reflected rays the path A’OB’ 


must be a half light wavelength preater than the path 
A’OB"”, This may be expressed by the well-known Bragg 
relation _ : 
(1) MAy==2A,y COS . 
in which \, is the light wavelength, As is the acoustic 
wavelength, » is the order of the diffracted wavelength 
under consideration, and @ is the angle of incidence. 
Table I gives examplary values of the Bragg angle @ for 
a light wave of frequency 101 cycles/sec, and an acoustic 
wave in X-cut quartz having a frequency f,. 
eae Table I 


f. (srac.) 


Now when light is incident on the interfaces between 
high and low density layers in an acoustically excited me- 
dium the reflected wave has a frequency slightly different 
from that of the incident wave. According to the 
Doppler principle, t 


2Y, cos 
(2) w= 0, 28008 6 
V; 
where @, and ow, are the angular frequencies of the inci- 
dent and reflected waves, respectively, while V, and V; 
are the velocities of the acoustic and lisht waves. The 


. Minus sign in (2) is chosen w en Vs and V, have Jonsi- 
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4 
tudinal components in thé same direction; the plus sign 
is chosen when the longitudinal components are appo- 
sitely directed. . 

It follows from Equations 1 and 2 that 


cae 


(3) aay tes 
and ; 
(4) £,= Ait Ps, 


where 6's are the wave vectors or phase constants. Con- 
ditions 3 and 4 are those required in wave-lype para- 
métric modulators according to the theory described in 
the above-mentioned article. Condition 4 is exactly satis- 
fied if the rags condition is derived to include the 
Doppler shift. Unfortunately, it appears that, when the 
incident rays depart fram the conditioa expressed in 
Equation 1, «, as computed from Equation 3 does not 
agres with that computed from the Doppler principle in 
Equation 2. Itcan be shown, however, that the frequency 
of the reflected light is given more precisely by a complex 
relation involving the time-dependent function e@itm*s)t, 
mi=1,2,3 .... The higher order terms are small and 
may be neglected whea the departure from the Brage con- 
dition Is not large. The complex relation then reduces 
to (3). For present purposes it is sufficient, therefore, 
to consider Equation 3 as completely describing the rela- 
tion between the incident and reflected light waves. 

In the embodiment shown in FIG. 1 the frequency of 
the reflected beam is modulated by modulating the fre- 
quency of the acoustic wave produced in the rod 17. It 
is to be notéd, however, that the modulation bandwidth 
achievable by this arrangemeat is Hmited. This is so he- 
cause as the ‘acoustic frequency deviates from that at 
which the Bragg relation is satisfied there is an increasing 


amount of destructive interference among light waves re-, 


ected from successive density layer interfaces. Tt may be 
suOWNA that the bandwidth between half-power points of 
the light which may be reflected by a column of acoustic 
wave fronts is given approximately by 


Aw, 


7 ; 
4 22g 9954 
(4a) . . 0.885 5 


where N is the number of acoustic wavelengths in the 
column. : 

FIG. 2 depicts an embodiment of the invention adapted 
to extend the frequency modulation bandwidth. In FIG. 
2 the incident beam 39 is conical. Advantageously, the 
axes of the cone satisfies the Bragg relation. Instead 
of comprising parallel lizht rays which are all incident 2 
the same angle as beam 19 in FIG. 1, the conical beam 39 
comprises rays which are incident over an angular range 
Ad. As the acoustic frequency changes in accordance with 
signal information, the angle of incidence which meets 
the Brage condition also changes. By including rays 
which are incident over an angular range it is assured 
that, within the Hmits defined, a portion of the beam 39 
always meets the requirement and is reflected at maximum 
intensity. In this manner extraneous ampiutude modula- 
tion of the reflected team is reduced. While the conical 
beam 39 illustrated in FIG. 2 is divergent as it enters the 
medium, it is to be understood that a convergent beam is 
also suitable and may be employed if desired, 

’ With the embodiment shown in FIG, 2 it fs possible to 
modulate the coherent licht beam over a very wide band, 
For example, ifthe range of incident angles @ encom- 
passed by the beam 39 is from 30 destees to 60 degrees 
and the center of the acoustic frequency band is 4 kilo- 
megacycles, the reflected beam 51 may be modulated over 
a 2-kilomeégacyele bandwita. 

Although the embedinient of FIG, 2 permits wideband 
frequency modulation of light waves, it fails to make 
efficient use of the available power in the optical maser 
beam. This is so because only a relatively small portion 
of the incident light is incident at the Bragy angle while 
the rest is scatlered or transmitted through the acoustic 
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medium. A larger portion of the cohcrent light power 
may be modulated by the illustrative embodiment de- 
picted in FIG. 3, in which a plurality of mirrors are ar- 
Tanged to reflect the beam of parallel rays repeatedly 
over a number of paths through the medium 17. Each ray 
path through the medium 17 makes a slightly different 
angle with the acoustic wave front, Thus at any given 
instant at least one ray path will be incident at or near 
the Bragg angle and will be reflected out of the mirror 
system to a utilization device. 

In FIG. 3 the light beam to be modulated enters the 
system through a transparent or semi-transparent area of 
the mirror 1. Advantageously, the beam is normally inci- 
dent to the mirror 1. In the absence of acoustic excitation 
of the medium 17, the beam traverses a path from mirror 
1 to mirrors 1’, 2’, 2, 3, 3’, 4’, 4, 5, 5’, 6’ and G in succes- 
Sion. Mirror 6 is set normal to the beam reflected to it by 
mirror 6’, so that the light retraces the path to mirror 1 
where the process is begun again. When the acoustic 
wave is excited it has a frequency such that the Bragg 

angle lies in the angular range covered by the several 
ray paths through the medium 17. A portion of the light 
incident at or near the Bragg angle is reflected ont of the 
mirror system by the. acoustic wave front. The trans- 
mitted portion is reflected iteratively by the mirrors, an 
additional portion of it being modulated on each passage 
through the medium 17 at the proper angle, 

It is to be noted that the rays passing through the 
medium 17 have velocity components in the same and 
opposite directions relative to the velocity of the acoustic 
wave. ‘Thus two modulated light beams are produced, 
having frequencies o==actw;, If desired, an unmodu- 
lated acoustic wave may be used, thereby separating a 


quency channels useful, for instance, in a heterodyne de- 
tection system. If the apparatus is to be used for chan- 
nel separation, of course, the mirror system ‘shown in 
FIG. 3 may be replaced by a simple arrangement of two 
planar reflecting surfaces as illustrated in FIG, 4. In 
order to avoid excessive losses due to reflections at the 
. Surfaces of a solid rod, the entire light ray path may be 
contained in a transparent medium 40 in which a narrow 
column 17 of acoustic wave is produced by transducer 30. 
Thus the source 20 is coupled direstly to the medium 40, 
the coherent light passing through a transmissive portion 
of the reflective surface 34. Part of the beam is reflected 
by the acoustic column and emerges from the medium 
through a flat transmissive surface 41 which is, preferably, 
normal to the direction of light propagation. Light which 
passes through the column 17 is reflected by mirror 32, is 
partially reflected by column 47 and emerges through 
transmissive surface 42. In some situations, however, the 
second channel is not needed and it is desired to abstract 
as much power as possible in a single channel which may 
or may not be frequency-modulated. This result may be 
accomplished by the technique ilustrated in FIG. 5, in 
which the transmitted portion of the light beam is re- 
directed by reflective surfaces 37, 38 and 36 so that it is 
added to the input beam 19, which enters the system 
through a light transmitting portion of surface 36. 

The modulation bandwidth realized by the invention is 
limited by the relatively small velocity of the acoustic 
wave in the transparent medium. The limitation may 
be understood by noticing that an acoustic frequency can- 
not be established in the reflectine column in Jess time 
than it takes the acoustic wave front to travel from one 

end thereof to the other. This may be expressed by 


(5) 


Awy= 57 


where N is the number of acoustic wavelengths in the 
effective reflecting column. A larger bandwidth may be 
achieved by making N small, This may be accomplished, 
- for example, by using a larger angle of incidence, with a 
correspondingly higher coefficient of reflection at each re- 
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monochromatic coherent light beam into two distinct fre- _ 
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flecting interface. Alternatively, a higher intensity acous- 
tic Wave may be employed to increase the proportion of 
the light reflected by the first few interfaces encountered 
by the incident beam. Other possibilities including the 
use of a narrow acoustic column, will occur to those 
skilled in the art, but it should be noted that decreasing N 
results in a smaller amplitude of the modulated beam 
unless additional measures are introduced to make more 
‘efficient .use of the incident light. Mirror systems such as 


19 those shown in FIGS. 3 and 5 may be used to conserve 


“power as described above. 

The amount of information which may be impressed on 
a frequency modulated light beam by apparatus in ac- 
cordance with the invention depends on the product of 


15 the number of time slots into which the beam may be di- 


vided in a second and the number of frequency slots 
available within the modulation bandwidth, The noum- 
ber of time slots is given by 


Mra 
oN 


For an acoustic frequency of 4 kilomegacycles and N==50, 
nis 8X107, The number of frequency slots n, is found 


os by dividing the available bandwidth by the line width of 


the coherent light source. For a i-megacycla line width 
ny=71, so that the beam can transmit about 5.7 10? bits 
per second. The information capacity is strongly de- 
pendent on the line width of the source. For example, if 


39 the line width were 1 kilocycle instead of 1 megacycle, the 


at 


pore) 


capacity would be 5.7210" bits per second. 
Thus it has been shown that, by means of apparatus 
embodying the invention, highly coherent and mano- 


_.. chromatic light beams. may _be. frequency-modulated in __. 


accordance with signal information to be transmitted. 
Very large amounts of information may be impressed 
on coherent Hgnt beams in this manner. in_addition, 
the invention may be used fo. separate such a light beam 


“Frequency c for various purposes, ~ 
frequency ¢ for_ poses, | 


jects are achieved without varying the mag- 
netic bias field cf the optical maser, or otherwise affect- 
ing the coherent Heht source in any way. 

While a number of specific j!lustrative embodiments 
have been described in the specification, various modifi- 


45 cations and adaptations may be made.by those skilled 


in the art without departing from the spirit and scope 
of the invention. For example, the confocal optical 
cavity disciosed in copending patent application by G. 
D. Boyd, A. G. Fox and T. Li, Serial No. 61,205, filed 


50 October 7, 1950, naw Patent No. 3,055,257, may advan- 
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tageously be used in conjunction with the inveation 
described herein. Furthermore, _a_plurality..of acoustic. 
frequencies may _ be_used_to_shift the frequency_of the. 
coherent lisht bears into a plurality of channels for use 
ANSMUISIOA OF WEES 

What is claimed as 

1. Light frequency modulating apparatus comprising 
@ quartz member, a first surface on said member having 
a reflective portion and a transmissive portion, means 
for directing a beam of light to be modulated into said 
member through the transmissive portion of first 
surface, a second reflective surface on said mediuin, said 
second surface being refiectingly disposed with rescect 
to said beam so that’ the light is iterativaly reflected bz- 
tween said first amd second surfaces, means for produc 
ing a column ef acoustic waves in said medium, said 
coiunint intersecting said beam so that the light is oblique- 
ly incident on the acoustic wavefront, whereby light is 
reflected from said acoustic waves, at least one trans- 
missive surface on said member, said transmissive sur- 
face being substantially normal to tha fight refiected 
from said acoustic waves, and means for modulating the 
frequency of safd acoustic waves whereby the frequency 
of the light so reflected is modulated. 

2. Apparatus for modulating the frequency of coher- 


SHON apperatus. 
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ent monochromatic electromagnetic radiation in the op- 
tical frequency ranges comprising 
a modvlater medium substantially transparent to ra- 
diation in the frequency range of that to be modu- 
lated, . 
means for producing a colurnn of longitudinal byper- 
sonic acoustic waves of frequency w, in said medium, 
means for directing a beam of coherent moaochro- 
matic radiation of frequency a, to be modulated into 
said column at an acute angle @ to the acoustic wave- 10 
front where @ is defined by the relation 


AL 
Org 


‘in which d, is the wavelength of the radiation to be 15 
modulated and 4, is the wavelength of the accustic 
wave in the medium, | 

a portion of said beam being transmitted through 
said columa and a portion being reflected at a fre- 
quency «; from the column of acoustic waves, 

means for directing ‘the transmitted portion of ‘said 
light beam to reincidence on the acoustic wave- 
front at an acute angle thereto, : 
and means for modulating the frequency of the 
eeoustic wave in accordance with signal input in- 25 
es ae formation, : 

a portion of the transmitted and redirected Neht be- 
ing reflected from the acoustic wavefront and modu- 
lated in accordance with the signal information 
thereby increasing the total modulated portion of 39 
the light ‘originally directed into the modulator 
medium, : 

the frequency w, of the reflected radiation being modu- 


ao 


6=cos7} 


w 
o 


oP gehen bed Ae 
wt Wks DK einer Uincenatt 


. thé minus sign being chosen when tha acoustic waves 33 
and the incident beam of radiation have lonsitudinal 
velocity components in the same direction and the 

- plus sign being chosen when the longitudinal ve-- 
locity components are oppositely directed. 

‘3. Apparatus for modulating the frequency of mono- 40 
chromatic coherent light comprising 
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a modulator mediums: intially transparent to light 
in the frequency range af the light to be modulated, 

Means for producing Jongitudinal acoustic waves in 
a portion of said medium, ob 

means for directing a substantially monochromatic and 
coherent light beam into said medium at an acute 
angle to the acoustic wavefront, 

said beam being incident on; partially transmitted 
through and partially reflected from, the wavefront, 

means for modulating the frequency of said acoustic 
waves im accordance with input signal information, 

the frequency of the beam portion reflected from the’ 
acoustic wavefront being modulated in accordance 
with the modulation of said acoustic waves, 

means for directing the transmitted portien of said 
light beam to reincidence on the acoustic wave- 
front at an acute angle thereto, 

a portion of the transmitted ond redirected light be- 
ing reflected from the acoustic wavefront end modu- 
lated’ in accordance with the signal information 
thereby increasing the total modulated portion of 
the light originally directed into the modulator me- 
dium, . 

aad means for abstracting from said medium the co- 
herent frequency modulated reflected portion of said 
light. beam. ; 
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